Purpose: To assess the effect of media opacities on thickness measurements of the peripapillary retinal nerve fibre layer (pRNFL) and macular inner retinal layer (mIRL) performed with spectral-domain optical coherence tomography (SD-OCT) using a set of filters with known optical density. Methods: Spectral-domain optical coherence tomography volume scans of the optic disc and the macular area were performed in 18 healthy volunteers, using Topcon-3DOCT-1000 Mark II. A set of five filters with optical density ranging from 0.04 to 0.69 was used. The correlation was calculated between the percentage change in thickness measurements (%DpRNFL and %DmIRL) and the change in optical density. All scans and measurements were performed in duplicate by one operator. Results: Eighteen right eyes of 18 healthy volunteers were included in this study. Percentage decrease in pRNFL and mIRL thickness correlated with change in optical density (Spearman's rho r = 0.82; p < 0.001 and r = 0.89; p < 0.001, respectively). The measured decrease in pRNFL thickness differed from the decrease in mIRL thickness, not only between individuals, but also within the same individual. Conclusions: Optical coherence tomography thickness measurements of both pRNFL and mIRL are influenced by image degradation caused by optical density filters as a model for media opacities. An underestimation of the thickness of these layers was observed, caused by a shift of retinal layer boundary placement due to image quality loss. This underestimation is not the same for each individual and also differed between the pRNFL and mIRL thickness measurements. These individual and interindividual differences demonstrate that an individual approach will be necessary to correct for this underestimation per layer.
Introduction
Optical coherence tomography (OCT) has become an important instrument in the diagnosis of glaucoma (Grewal & Tanna 2013) . In glaucoma, there is a loss of retinal ganglion cells and thinning of the retinal nerve fibre layer (RNFL). Currently, peripapillary retinal nerve fibre layer (pRNFL) thickness measurements are used as an objective measurement of glaucomatous damage, for detecting early glaucoma and glaucoma progression in the management of patients with glaucoma (Grewal & Tanna 2013) . More recently, the macular inner retinal layer (mIRL) thickness, consisting of the RNFL, ganglion cell layer (GCL) and inner plexiform layer (IPL), has also been shown to be a good diagnostic parameter for early glaucoma. It has demonstrated high reproducibility, good diagnostic performance and has the advantage of a central fixation (Wong et al. 2012) . Both pRNFL and mIRL thickness measurements represent loss caused by damage to the retinal ganglion cell (RGC) axons in the optic nerve head in glaucoma. Before visual field defects become detectable, OCT can already demonstrate a decrease in thickness of the pRNFL and mIRL in glaucoma patients Grewal & Tanna 2013) . Preperimetric detection of glaucoma might allow for patients to be treated at an earlier stage of the disease.
Optical coherence tomography is an optical measurement technique that uses near-infrared light reflected from the retina to assess the thickness of the retina and its individual layers (Huang et al. 1991; van Velthoven et al. 2007 ). The time-domain optical coherence tomography (TD-OCT) system has been overtaken by spectral-domain optical coherence tomography (SD-OCT), which has major advances in imaging speed and sensitivity (Wojtkowski et al. 2004) . Much like other imaging techniques, OCT is subject to artefacts and variability. Factors such as pupil dilation, medium opacity, scanning protocol, OCT device and software can influence the quality of the scans and the thickness measurements (Savini et al. 2006; Yoo et al. 2009 ). To overcome some of these limitations, we recently introduced a phantom eye model to calibrate individual systems (de Kinkelder et al. 2013) .
Cataract is a common cause of media opacity and studies have shown that pRNFL and mIRL thickness measurements are affected by cataract, causing an underestimation of pRNFL and mIRL thickness Mwanza et al. 2011; Kok et al. 2013; Nakatani et al. 2013) . The loss of OCT image quality in patients with disturbances in the optical media is caused by attenuation of the light of the OCT scanning spot on the retina (Kok et al. 2009) .
Cataract is often present in patients with glaucoma, especially in the eyes of older patients. It can act as a confounding factor and can lead to an incorrect diagnosis of glaucoma or glaucoma progression. Because both the pRNFL and the mIRL thickness measured with SD-OCT are important for early detection of glaucoma and detection of progression, it is of interest to know what the exact influence of media opacities is on both thickness measurements, and whether both measurements are influenced in the same way.
This study aimed to assess and quantify the influence of disturbances in the optical media on the SD-OCT thickness measurements of the pRNFL and the mIRL. Optical density filters were used to model a comparable range of optical density values as those observed in cataract patients, as described in previous studies (Kok et al. 2009 (Kok et al. , 2013 . The main objectives were to determine whether the pRNFL and the mIRL were influenced in the same way. This information is needed to decide whether, and in which way, we are able to correct OCT layer thickness measurements affected by a lower image quality.
Materials and Methods

Subjects
Eighteen healthy right eyes of 18 healthy individuals were included in this study. The research followed the Tenets of the Declaration of Helsinki, and informed consent was obtained from all participants. The participants underwent an ophthalmic examination, including slit-lamp biomicroscopy, measurement of visual acuity, intraocular pressure and refractive error.
Image acquisition and thickness measurements
All OCT examinations were performed by one single experienced operator, with the Topcon 3D OCT-1000 Mark II (Topcon Medical Systems, Tokyo, Japan; 5-6 lm depth resolution). Of each eye, two volume scans were made of both the optic disc and the macular area, after pupil dilation with 0.5% tropicamide. These measurements served as reference values of the thickness measurements. Then, a set of five reflective filters (Balzers) was used to mimic light loss caused by media opacities of the eye, like cataract. Each scan was performed in duplicate, so a total of 12 volume scans of the optic disc and 12 of the macular area were made per eye. The volume scanning protocol was a raster scan consisting of 128 B-scans, each with 512 A-scans, covering a 6 9 6 mm region, centred at either the optic disc or the fovea. The quality parameter provided by the OCT software was also collected.
Mean total retinal thickness (mRT), pRNFL and mIRL thickness were computed and extracted from the volume scans using the ETDRS grid area for macular scans and a 3.4-mm diameter virtual circle centred at the optic disc for optic disc scans. The thickness measurements were performed with the Iowa Reference Algorithm which uses a fully three-dimensional graph search approach (Garvin et al. 2009 ; Available on http://www.iibi.uiowa.edu/content/ iowa-reference-algorithms-human-andmurine-oct-retinal-layer-analysis-anddisplay).
Light attenuation model
Similar to the model used in a previous study (Kok et al. 2009 (Kok et al. , 2013 , a set of five reflective filters with a known optical density ranging from 0.04 to 0.69 was used to simulate a disturbance of the optical media ( Fig. 1 and Table 1 ).
The optical density filter was positioned, manually, right in front of the eye. Accurate care was taken in positioning of the filters by checking for potential tilt of the filters. This tilt was estimated to be <10°. In this manner, a maximum error of 2% was accepted. The head of the individual was always positioned against the head rest during scanning. In a previous study, it was found that attenuation of the light in the OCT scanning spot on the retina, expressed as optical density, fully determined loss of OCT image quality as provided by the OCT system, irrespective of the nature of the filter, or type of cataract (Kok et al. 2009 (Kok et al. , 2013 . Therefore, only one type of filters was used in this study to model the image quality decrease of the OCT image. The effects of the filters on the OCT images are visible in Fig. 2 . These filters had the same range of optical density values that can be observed in cataract patients.
The mean layer thickness without filters was taken as baseline layer thick- ness. The difference between the baseline measurements and the measurements with the reflective filters was noted as DpRNFL and DmIRL, respectively. Using the percentage decrease of pRNFL and mIRL, the rate of decrease in both layer thickness measurements could be compared with each other. To illustrate the decrease in SD-OCT measured mIRL thickness in relation to the changes in the other retinal layers, the thickness measurement of all macular retinal layers is shown for each optical density filter in a stack diagram (Fig. 3 ). The differences in layer thickness change were assessed between individuals.
Reflectivity profiles
To explore the possible relationship between the height of the reflectivity peaks, the reflectivity decrease as result of the filter induced light attenuation and the filter induced mIRL thickness change, raw data were exported to analyse with custom software in LAB-VIEW 2010 (version 10.0.1; National Instruments, Austin, TX, USA) (Fig. 4) . The reflectivity profiles of 25 adjacent A-scans located 1.5 mm nasally to the fovea out of the central B-scan going through the fovea were averaged and analysed. The initial heights of the reflectivity peaks of the IPL-INL transition and the posterior retinal pigment epithelium (RPE) border in the macular scans, and of the RNFL reflectivity peak in the optic disc scans, were measured, as well as the decrease of the peak height as result of the set of optical density filters.
Statistical analysis
Linear regression analysis was performed to determine the regression equation between optical density and change in thickness measurements. Correlations of optical density change with change in the thickness measurements, as well as reflectivity peak decrease with layer thickness decrease, were studied using Spearman's correlation test. Change in thickness measurements as result of optical density change was evaluated with a repeatedmeasurements ANOVA test. Bland-Altman plots were used to assess the agreement of the in duplicate performed measurements. A p-value of ≤0.05 was considered as statistically significant, and this threshold was, where necessary, adjusted for multiple testing with Bonferroni corrections. Statistical software Microsoft Excel (Microsoft Office Excel 2003; Microsoft Corporation; Redmond, WA, USA) and SPSS (SPSS 16.0; SPSS Inc., Chicago, IL, USA) were used for data analysis.
Results
Four hundred and twenty-six SD-OCT volume scans of 18 right eyes of 18 healthy volunteers were included for analysis. Six scans were excluded due to motion artefacts; in these cases, only one scan was used. The means of the duplicate measurements were used in the analyses. Table 2 shows the characteristics of the study participants. All 18 healthy volunteers had a normal optic disc appearance and none of them suffered from any ophthalmological condition, with the exception of minor refraction errors. The mean pRNFL thickness was 101 lm (AE10 lm), and the mean mIRL thickness was 103 lm (AE8 lm). Table 3 shows the differences found in layer thickness measurements between scans made with different optical density filters.
Peripapillary
RNFL thickness measurements
The increase in optical density was linearly correlated with the percentage decrease in RNFL thickness, as shown in Fig. 5A (r = 0.82, p < 0.001).
Peripapillary retinal nerve fibre layer thickness started to decrease with a difference greater than one standard deviation (SD) beyond a threshold optical density of 0.54 (Table 3 ). More than one SD was considered to be clinically relevant. The difference between the duplicate pRNFL thickness measurements is shown for each optical density value in a box plot (Fig. 5B ). This demonstrates a higher variability with increasing optical density.
Macular measurements
The increase in optical density was also linearly correlated with the percentage decrease in mIRL thickness, as shown in Fig. 5C (r = 0.89, p < 0.001). mIRL thickness only decreased with a difference greater than one SD after a threshold optical density of 0.26 (Table 3) . The difference between the duplicate mIRL thickness measurements and range of the difference is shown for each optical density value in a box plot (Fig. 5D ). This demonstrates a higher variability with increasing OD. Total retinal thickness also decreased as a result of the increase in optical density, but the differences were smaller. Figure 3 shows a stack diagram to illustrate the decrease of the retinal layers as measured in the macular volume scan.
As can be seen, with an increasing optical density, the mIRL thickness decreases more than the total retinal thickness. The ganglion cell-inner plexiform layer (GC-IPL) thickness showed a similar decrease, of which the data are not shown. The measurements of the average mIRL of the whole ETDRS region are shown. Contrary to the mIRL, the mean ONL + ISL thickness measurements increased with an increasing optical density. Our measurements also showed that the layer thickness change was similar for the perifoveal, parafoveal and individual ETDRS areas within the same individual. Figure 6 shows an example of the segmentation lines in the SD-OCT image of the macula.
Individual difference in induced decrease of pRNFL and mIRL Figure 5A ,C show a scatter plot with the relationship between the increasing optical density and the decreasing retinal layer thickness of the pRNFL and the mIRL, as measured with SD-OCT. The spread in the measurements becomes larger with higher optical density, and each individual differed in the steepness of the linear relation between the change in optical density and % DpRNFL and % DmIRL. In other words, the rate of decrease of the thickness measurement as a result of the increase in optical density differed per individual. Two individual regression lines are shown in the figures, one with the steepest slope and one with the least steep slope. Figure 7 shows a scatter plot of the coefficients of the regression lines of Fig. 5A,C , per individual. This shows that the coefficients of the slope of the change in mIRL and pRNFL, caused by optical density change, are not the same in each individual. Also, the individuals with most and least percentage change differ between Fig. 5A ,C. Thus, the rate of decrease of the thickness of the mIRL and that of the pRNFL was not identical for one individual.
Reflectivity profiles
The mean initial RPE reflection peak over all persons (R3 in Fig. 4C ) was higher and decreased slightly more than the IPL-INL transition peak (R2 in Fig. 4C ). Comparing the reflectivity peaks of the RPE and the IPL-INL transition per individual, the relationship of a faster decrease in case of higher initial reflection peaks was not found. Some individuals had higher initial reflectivity peaks than others, but the decrease in reflectivity was the same for each individual. We did find a correlation between the height of the initial IPL-INL reflectivity peak and the decrease in mIRL layer thickness (Spearman's rho r = À0.68; p ≤ 0.01): a lower initial reflectivity peak was associated with a faster decrease in mIRL layer thickness. This was not found in the relation between initial reflectivity peak height of the pRNFL and the pRNFL thickness (Spearman's rho r = 0.48; p = 0.23).
Discussion
The results of this study showed that OCT-measured pRNFL and mIRL thickness is affected by a set of optical density filters with increasing optical density. The differences in retinal layer thickness measurement were statistically significant beyond an optical density value of 0.11 or higher for mIRL and 0.26 or higher for pRNFL. However, only with an optical density value used higher than 0.26 for mIRL and 0.54 for pRNFL, the retinal layer thickness measurement showed a decrease larger than 1 SD, which we considered to be clinically relevant. These optical density values corresponded with an image quality factor of 53 for the mIRL and 32 for the pRNFL, respectively (Table 3 ). The reproducibility of the measurements was good for all measurements, with an increasing variability with higher optical density values.
Our findings confirm that in case of low image quality, one should be aware of the possibility of underestimation of the retinal layer thicknesses, both the pRNFL and the mIRL (Mwanza et al. 2011; Kok et al. 2013; Nakatani et al. 2013 ). An underestimation of these layer thicknesses can influence glaucoma diagnosis and progression detection using OCT.
Inducing an optical disturbance with a known optical density value can also point the way to a method to correct for measurement errors caused by cataract. However, the individual differences of the relationship between optical density and retinal layer thickness found in this study suggest this should be corrected for each individual differently. Probably, the cause of this individual variation is explained by an interindividual difference in reflectivity of the retinal layers. A possible correction for the influence of optical density is even more complex, because the percentual decrease in layer thickness of pRNFL and mIRL is not equal within one individual.
Cataract is a common cause of optical disturbances affecting image quality of OCT scans. Image quality is an important factor in the reliability of OCT test results, as a high-quality image ensures accurate diagnosis. The effect of cataract on OCT measurements has been studied in both TD-OCT and SD-OCT. Several studies have measured a thinner pRNFL thickness in cataract patients prior to surgical removal of the cataract, compared with postoperative pRNFL thickness (El-Ashry et al. 2006; Savini et al. 2006; Mwanza et al. 2011; Kim et al. 2012; Kok et al. 2013 ). This underestimation of pRNFL thickness was correlated with a lower image quality. The more advanced the cataract, the lower the image quality and the thinner the pRNFL thickness. As image quality mainly depends on the amount of light that passes through the optical media to reach a focussed OCT scanning spot, the increase in image quality after cataract surgery is a result of an increased light transmittance and improved focussing. These findings are confirmed by the results of the present study. Our data showed a decreasing image quality factor and decreasing pRNFL thickness with increasing optical density. Of all scans included in the analysis, the segmentation software was still able to distinguish all the individual layers of the retina, without gross artefacts leading to border assignment errors.
Recently, Nakatani et al. (2013) described the effect of the removal of cataract on both pRNFL and mIRL measurements with the Optovue RTVue-100 SD-OCT, in patients with and without glaucoma. They found segmentation errors in mIRL and pRNFL measurements performed in the preoperative OCT imaging, due to a lower image quality leading to underestimation of the measured retinal layer thickness. They also found that the mIRL measurements were affected more than the pRNFL measurements. Segmentation errors due to low image quality and posterior subcapsular opacity were pointed out as the cause for a thinner mIRL measurement, as well as the possibility that a wider measurement area can lead to a higher error rate in case of the mIRL measurements. In the present study, we also found that the mIRL is affected more than the pRNFL, and for both measurements, we used data from 6 9 6 mm volume scans. Contrary to the pRNFL and the mIRL, the full thickness measurements of the retina did not decrease much with increasing optical density. Even at an optical density of 0.67, only a slight decrease within one SD of the baseline measurement was observed. A possible explanation may be found in the fact that in OCT scanning, the boundaries of the retina are highly reflective as compared to the surrounding tissue. Therefore, the border of the RNFL with the vitreous, as well as the RPE with the choroid, can be correctly identified, even with impaired light transmittance. However, the intraretinal layer borders are less clear and therefore more susceptible for segmentation errors due to a lesser image quality. This can also explain the increase in ONL + ISL thickness with increasing optical density. The ONL + ISL are in general less reflective than the surrounding layers, the outer plexiform layer (OPL) and the inner segment/outer segments (IS/OS) transition or ellipsoid zone. This is shown in OCT images as a darker area. The ONL + ISL thickness increase is most likely due the overall image quality deterioration, making the intraretinal layer borders less clear. We see that this leads to a shift of the borders, leading to a falsely thinner OPL and IS/OS transition line, and as a consequence, a falsely thicker ONL + ISL measurement.
The multiple surfaces in the Iowa Reference Algorithm are detected simultaneously through the computation of a minimum-cost closed set in a vertex-weighted graph constructed using edge and regional information (Antony et al. 2010) . Our results did not show a decrease in retinal thickness. However, one can speculate that the full thickness measurement of the retina will decrease with a higher optical density value than used in this study. This would be in accordance with results of studies investigating the effect of cataract and image quality on macular thickness (van Velthoven et al. 2006; Samarawickrama et al. 2010) . We are currently improving the segmentation algorithm to decrease the effects of lower image contrast due to media opacities on layer thicknesses. Tappeiner et al. (2008) reported that in Stratus OCT data of macular line scans, highly reflective peaks in the averaged A-scan reflectivity profiles decreased more than less reflective peaks, as a result of light attenuation. These results could serve as a possible explanation of the individual differences in our results. But we found that the mean initial reflectivity peak of the RPE border was higher and decreased slightly more, compared with the IPL-INL transition. However, this difference was small, and the relationship was not found comparing the reflectivity profiles per individual. We could not confirm this to be a cause of the individual differences in the relation between change in optical density and % DmIRL, nor for the differences found between the percentage decrease between mIRL and pRNFL. It has been suggested that the RNFL consists of both neuronal and non-neuronal tissue (Kanamori et al. 2013 ). This could be a cause of the interindividual variance, if these tissues are differently affected in OCT measurements, and the amount of non-neuronal tissue varies between individuals. A limitation of our study is the relatively small size of our study population; nevertheless, significant differences between subjects were found in retinal thickness changes. Also, all our measurements have been carried out with a single OCT device and a single segmentation algorithm. Therefore, the results may be different, if another OCT device or another segmentation algorithm is used. Other studies using different devices demonstrated identical changes in measurement errors of the mIRL and pRNFL thickness, although the amount of induced error differed (El-Ashry et al. 2006; Savini et al. 2006; Kok et al. 2009 Kok et al. , 2013 Lee et al. 2010; Mwanza et al. 2011; Kim et al. 2012; Nakatani et al. 2013) . The model is not the real life situation, and cataract or other media opacities will degrade the image quality in different ways, but it all adds up to a loss of reflected light. The used filters with known optical density provide more precise calculations of the effect of media disturbance and can be used as a basis to correct for image degradation.
Future measurements with corrections based on this filter model in cataract patients, before and after cataract removal, could provide ways to correct for cataract-induced measurements errors.
Similar to the mIRL, the GC-IPL thickness is also used as an indicator to estimate the severity of glaucoma. Our results show the decrease in mIRL thickness. In our data, we found a similar change in GC-IPL thickness in the macular area, indicating that thickness measurements of the GC-IPL are affected in a similar way as the mIRL. However, as this study was aimed at measurements of the mIRL, analyses of the GC-IPL are not shown in the results.
In summary, this study demonstrates a linear relationship between an increase in optical density, and a decrease in mIRL and pRNFL thickness measurements. Similar to the pRNFL, the OCT measured mIRL thickness is influenced by a set of increasing optical density filters, acting as a model for media opacities, like cataract. An underestimation of these layer thicknesses was observed, caused by a shift of retinal layer boundary placement due to image quality loss caused by the set of filters. One should take into account the decrease in image quality caused by cataract on retinal layer thickness, as this effect of cataract can mimic glaucomatous change based on pRNFL and mIRL measurements by SD-OCT. Following cataract surgery, it is mandatory to define a new baseline for the SD-OCT measurements. The results found in the present study can help to correct retinal layer thickness measurements for the effects of cataract, which will be the subject of future studies.
